The generation of low-frequency (≤ 40 Hz) acoustic waves (T-waves) by undersea earthquakes below a flat abyssal plain is not yet fully understood. To model the generation and propagation of PN-waves (horizontally in the crust and vertically in the ocean) and of T-waves over a rough sea bottom, we use a 2D spectral finite-element code (SPECFEM2D). The model includes a solid layer (Earth crust) overlain by a fluid ocean, and separated by a sinusoidal crust/water interface (seafloor roughness). Synthetic T-waves propagate as Rayleigh modes with their expected vertical and long-range horizontal propagation. In the simulated PN-wave spectrum, resonance peaks appear at frequencies predicted by the analytical solution for Rayleigh modes. The same peaks are observed in actual T-wave records from an antenna of two hydrophones at different, generated by a large magnitude earthquake 987 km away. The T-waves spectrum from the shallowest hydrophone shows an energy gap in the 1-4 Hz frequency range that can be explained by modal propagation. The resonance peaks in the observed PN-wave spectrum are also well predicted by the analytical solution.
I. INTRODUCTION
The submarine seismic activity generates a great amount of low-frequency acoustic waves in the ocean. After an earthquake, hydroacoustic records, detect the successive arrivals of PN-waves, converted at the apex of the hydrophone from P-waves that propagated in the crust (primary or compressional waves), of SN-waves, similarly converted from Swaves (secondary or shear waves), and lastly, of acoustic Twaves (tertiary waves), generated near the epicenter and that propagated in the water column at the sound speed.
The generation of T-waves is best explained in the presence of a down-going slope [1] or of a rough sea-bottom above the seismic source [2] , [3] , but is yet not fully understood when an earthquake occurs below a flat abyssal plain [4] . To tackle this question, we use a 2D spectral finite-element code (SPECFEM2D [5] ) that jointly models the propagation Délégation Générale de l'Armement (DGA) and University of Brest of seismic waves in a solid medium (the Earth crust) and of acoustic waves in the ocean. This code has been validated for ocean acoustics by a comparison of SPECFEM-2D outputs in simplified configurations with analytical solutions [6] and by empirical comparison between acoustic records from an earthquake in the context of a spreading ridge with SPECFEM-2D models as realistic as possible [7] . The main advantage of this approach over common acoustic codes is that it is able to handle a non-point acoustic source creat ed by the scattering of seismic waves along a complex ocean/crust interface (i.e. arbitrary sea-bottom shape).
In this paper, we present a synthetic configuration with a sinusoidal seafloor-roughness, whose effects are simple enough to understand. The first section describes the model parameters and the resulting acoustic modes participating in the generation of PN-waves and abyssal T-waves. The second section presents hydroacoustic signals from an intra-oceanic earthquake that shows the predicted modal behavior in T-waves and more decisively, in PN-waves.
II. NUMERICAL MODELING A. Model parameters
The aim of the simulation is to reproduce observed abyssal T-waves originating from a rough sea-bottom. A typical feature of abyssal acoustic waves is the successive arrivals of PNwaves, SN-waves and T-waves; it is best observed away from the source. However, in finite element modelling, as in SPECFEM-2D, the size of the calculation domain is limited by the calculation time, which is a function of the number of finite elements (∼ 10 6 ).
A domain 410 km long and 10 km thick provides a good compromise between model size and computation time ( Fig. 1 ). It is vertically divided between a fluid ocean with a 3000 m mean depth and a solid crust 7 km thick. All sides, except the top sea-surface, are Perfectly Matched absorbing Layers (PML), which avoid unwanted reflections that would pollute the results [8] . The crust with the absorbing layer at its bottom can thus be considered as a semi-infinite medium. The medium densities are set constant at typical values: 1000 kg.m −3 in the water and 3200 kg.m −3 in the crust, as the speeds of sound in the water (c w = 1500 m.s −1 ), and of Pand S-waves in the crust (c P = 5000 m.s −1 ; c S = 3000 m.s −1 , resp.). This simple model does not consider a SOFAR channel (SOund Fixing And Ranging), which facilitates comparisons with analytical solutions. Moreover, the effects of refractions in the SOFAR is known to be negligible f or an ocean depth of 3km in the frequency band from 2.8 to 21.2 Hz [7] . The model also does not consider a sediment layer at the sea bottom, as its low shear-speed would require a mesh with very small finite elements that would considerably increase the calculation time. For the same reason, there is no attenuation either in the solid or in the fluid medium.
The roughness of the fluid/solid interface is modelled by a sine function; the water depth is thus defined by h(x):
where D is the mean ocean depth (3000 m), h 0 = 18 m the amplitude of the sinusoidal roughness and k h = 1.10 −2 m −1 the bathymetry wavenumber, which corresponds to a wavelength 2π/k h 628 m. The source is located 4 km below the seafloor (i.e. 7 km below sea-surface). It is simulated by a Gaussian time-function with a central frequency at 10 Hz. The focal mechanism is an isotropic explosion, which simplifies the interpretation of the results where only PN-waves arrivals appear (no SN-waves). Its seismic moment (M 0 = 4.03 × 10 16 N.m) corresponds to a medium magnitude earthquake (M w = 5.0).
The calculation domain is meshed according to the speeds of propagation of the waves in both media, and the frequency content of the signal. Using SPECFEM2D internal mesher, we designed a mesh with 10,193 horizontal elements, 81 vertical elements in the crust and 93 in the ocean. The whole mesh is thus made of 1,773,582 elements, where the minimum number of points per wavelength is 5.5 and the maximum frequency resolved is 27.4 Hz. The typical run-time is in the order of 7 hours on 86 parallel processors (3 cores), for a time signal of 600 s and a time-step of 5.10 −4 s, which ensures the stability of the mesh for the considered element sizes and wave speeds.
The time signal can be extracted anywhere in the mesh. The horizontal propagation of acoustic waves will be monitored with a horizontal antenna of hydrophones every 25 m at a 1500 m depth, along the whole calculation domain. The vertical structure of the wavefield, far enough from the source, will be examined with a vertical antenna of hydrophones every 6 m across the whole water column, located 390 km away from the source.
B. Modal propagation in numerical acoustic waves
The different acoustic waves generated by the isotropic explosion can easily be sorted out in a distance-time diagram ( Fig. 2-top) , where the slope of the arrivals yields the speed of the waves. The first arrivals are PN-waves or acoustic waves propagating almost vertically in the water column but generated by P-waves propagating horizontally in the crust at 5000 m.s −1 . The second and more energetic arrivals are Twaves or acoustic waves propagating in the water column at the sound speed (1500 m.s −1 ). The widening of the T-wave train suggests that these waves propagate as modes, with a modal dispersion increasing with the distance from the source. The time signal, 390 km away from the source and 1500 m below the sea surface (Fig. 2-bottom) , shows typical features of abyssal T-waves: a low amplitude (comparable to the one of PN-waves) and an emergent wave-train [4] . The delay between PN-wave arrivals at 80 s and that of T-waves at 260 s is congruent with the distance from the source.
Using a 2D Fourier transform, the distance-time diagram ( Fig. 2-top) can be converted in a frequency-wavenumber diagram (Fig. 3 ). The simulated dispersion curves can then be compared with the theoretical dispersion curves of Rayleigh modes in a finite-depth ocean overlaying on a semi-infinite elastic bottom [9] . The acoustic energy is located, between c w and c S , along Rayleigh modes and, for PN-waves, along the line corresponding to c P . For a phase speed under c R = 2745 m.s −1 , the theoretical speed of Rayleigh waves without an ocean, Rayleigh modes are acoustic waves propagating in the water column: T-waves. For a phase speed over c R , Rayleigh modes are interface waves, evanescent in the crust but radiating energy in the water column. These interface waves arrive at a given hydrophone after the PN-waves and before the T-waves; they do not show on the distance-time diagram (Fig. 2-top) , pr obably because they are hidden by PNwaves. PN-waves with a velocity higher than c P are generated in the vicinity of the source, where P-waves in the crust cannot yet be considered to propagate horizontally. Zooming on Fig. 3 (bottom) shows Rayleigh modes still energetic up to frequencies congruent with observed T-waves (4-40 Hz, with a peak near ∼10 Hz). Moreover, the Rayleigh modes and PN-wave pattern is repeated in wavenumber, every k h , and in frequency. The frequency-wavenumber diagram clearly outlines the modal behavior of acoustic waves. However, to focus on the modal content of the signal and its spatial variation, we selected the sensor 390 km from the source and 1500 m below the sea surface and applied a non-linear warping function h(t) to the time t [10] :
where r is the distance between the source and the sensor. The spectrum of a warped signal is turned into a frequency comb where each peak corresponds to a mode. As the peak corresponding to the n th mode, in a water layer with a depth D, is located at the frequency:
which is the cut-off frequency of the n th mode, the energy of each mode can be computed by applying a bandpass filter to the spectrum of the warped signal. In practice ( Fig. 4-top) , the spectrum of the warped signal is far more complex, due to the presence, in addition to the peaks at the cut-off frequencies of the modes, of their harmonics with frequencies multiplied by 2 j , j ∈ N. Unexplained peaks may be due to PN-waves. The variation of each mode-energy with depth, along a 3000 m vertical antenna 390 km far from the source, computed thanks to warping, follows the same variation as the energy of modes in a perfect waveguide (Fig. 4-bottom) . Simulated and theoretical modes have the same number of nodes and anti-nodes, with a node at the sea surface and an anti-node at the sea bottom, which explains the possibility of conversion of seismic waves into acoustic waves at the sea bottom. The observed differences result from the fact that the warping function (2) is perfectly appropriate for modes in a perfect waveguide, i.e. modes in a finite depth ocean laying on a perfectly reflecting bottom, but not for Rayleigh modes.
The comparison between the energies of the modes computed 1500 m below the sea surface at three locations -10 km, 25 km and 100 km away from the source -shows that the long-distance propagation acts like a low-pass filter (Fig. 5 ). At 10 km from the source, modes are energetic up to n = 85, whereas modes below n = 15 carry a negligible part of the total energy; at 25 km from the source, high modes remain energetic, but the relative energy of modes below n = 15 has grown; at 100 km from the source, the relative energy of modes below n = 15 is the same, but the energy of modes over n = 65 has almost vanished. The energy distribution remains almost unchanged at further distances (not shown here). The saw-tooth distribution of energy with modes, at the three distances, is an illustration that, at a given depth (here 1500 m), the energy of a given mode varies with the depth according to the node and anti-node distribution ( Fig. ??-bottom) .
The theory explaining Rayleigh modes also predicts the spectrum of PN-waves and its dependency on c w , c P , c S , the densities of the fluid and solid media, and the water depth [9] . This theoretical spectrum has resonance peaks separated by about D/8c w and can be interpreted as the energy in the frequency-wavenumber diagram along the line with a phase speed c P (Fig. 3 ). In the same way, the theoretical spectrum of SN-waves has peaks with the same periodicity, but at frequencies that differ from PN-waves, and that spectrum can be interpreted as the energy in the frequency-wavenumber diagram along the line with a phase speed c S . The spectrum of PN-waves 390 km away from the source and 1500 m below the sea surface is obtained from the first 140 s of the signal Fig. 2 , hence avoiding the interface waves and T-waves arrivals. The normalized spectrum of simulated PN-waves is compared to the normalized theoretical spectrum ( Fig. 6 ) and they both show a good agreement in the frequencies of the peaks and, in some cases, in the shape of the resonances. The simulated PNwave spectrum also shows harmonics whose peak frequencies correspond to the frequencies of the theoretical peaks multiplied by an integer. The number of harmonics is growing as the frequency grows and so the number of resonance peaks. The simulated spectrum does not show any SN-waves, since the focal mechanism is an isotropic explosion that generates only P-waves.
III. MODAL BEHAVIOR IN OBSERVED DATA
On December 4, 2015, at 22h24m54s GMT, a large magnitude (M w = 7.1) intra-oceanic earthquake occurred in the southern Indian Ocean at 47 • 44.4' S; 85 • 10.98' E, 16km below an abyssal plain, away from any shallow slope. Its signal was recorded by a vertical antenna made of two hydrophones, 987 km away from the epicenter, and located south of Amsterdam Island (42 • 58.55' S; 74 • 31.41' E; site SWAMS2; Fig. 7 ). The top hydrophone was 320 m below the sea surface and the The comparison between the spectra from the two hy-drophones at different depths gives a clue on the possible modal propagation of observed abyssal T-waves. The spectrum of the data from the deepest hydrophone (red in Fig. 8-bottom) shows that surface waves are dominant below 0.5 Hz, PN-and SN-waves are dominant between 0.5 and 1 Hz and T-waves are dominant above 1 Hz. We observe the same waves on the spectrum from the uppermost hydrophone, except that the Twave energy is lower between 1 and 4 Hz. Until 3 Hz, the slope of the spectrum from the uppermost deep hydrophone is the same as in the frequency band dominated by PN-and SNwaves and over 3 Hz, energy rises until it reaches the value of the lowest hydrophone at 4 Hz. This energy gap in the Twaves spectrum recorded by the uppermost hydrophone can be explained by the theory of normal modes. Every mode shows a node at the sea surface where their energy is minimal. Loworder modes have fewer nodes and the first anti-node below the sea surface, where their energy is maximal, is localized deeper than with higher modes. Hence, near the sea surface, the energy of low-order modes, which are dominant for low frequencies, is very low and this is consistent with the energy gap we observe between the top and bottom hydrophones.
A focus on the spectrum of PN-and SN-waves brings stronger evidence of a modal behavior. The spectrum of the first 500 s of the signal from the uppermost hydrophone shows both PN-and SN-waves. This spectrum can be compared to the theoretical spectra of PN-and SN-waves in the same way as in section II-B and Fig. 6 . Theoretical spectra are computed for the water-depth at the hydrophone antenna (3500 m), with a mean speed of sound of 1480 m.s −1 and a speed of the PN-waves (8100 m.s −1 ) and SN-waves (4700 m.s −1 ) in the upper mantle, assuming the observed PN-and SN-waves were refracted in the mantle. Preliminary computations (not shown here) show that the frequencies of energy peaks, which is here the most pertinent parameter for comparing theory and data, are insensitive to the choice of the medium densities. We chose 1000 kg.m −3 as the density of sea water and 3200 kg.m −3 as the density of the oceanic crust, typical of oceanic basalts. The comparison between the spectrum from the data and the theoretical spectra normalized by their energy at 0.1Hz ( Fig. 9 ) shows a good agreement in the frequencies of the energy peaks. The spectrum also shows harmonics of SN-waves whose peak frequencies correspond to that of the theoretical peaks multiplied by an integer. For matching purpose, we normalized the second and the fourth harmonic to adjust their second visible peak on a peak from the data and we did the same for the only visible peak of the eighth harmonic.
IV. CONCLUSION
The 2D finite element modeling applied to a simple configuration with a sinusoidal roughness on the sea bottom correctly reproduces the generation of PN-waves and abyssal T-waves. The synthetic signals display the same features as observed signals in terms of the wave envelope and arrival times. The synthetic T-waves propagate as modes whose dispersion matches an analytical solution; their vertical structure and changes of the acoustic modes over long-range propagation are similar to the ones expected by theory. The spectrum of PN-waves also follows an analytical solution, with the addition of the presence of harmonics. Observed abyssal Twaves, generated by an intra-oceanic earthquake and recorded by an antenna of two hydrophones at different depths, present a vertical structure that can be interpreted in terms of modes. The spectrum of PN-and SN-waves in the observed signal matches fairly well the analytical solution used to predict the spectrum of synthetic PN-waves. 
